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Description
BACKGROUND
1. Technical Field

[0001] The present disclosure relates to a device in-
cluding a semiconductor substrate containing gallium ni-
tride and to a method for producing the device.

2. Description of the Related Art

[0002] Atpresent,itis said that adequate environmen-
tal sanitation is not ensured for about 2.6 billion people
out of the world population of about 7 billion. In regions
poor in water resources, there is a need for techniques
for obtaining clean water such as desalination of seawa-
ter, removal of impurities from groundwater, and purifi-
cation of rainwater.

[0003] Asone example of such atechnique, Japanese
Unexamined Patent Application Publication No.
2004-232998 discloses awater collecting device in which
an adsorbent such as silica gel is used to collect water
molecules.

SUMMARY

[0004] Inone general aspect, the techniques disclosed
here feature a device including a semiconductor sub-
strate that contains gallium nitride and has a crystal face
inclined from 0.05° to 15° inclusive with respect to a c-
plane. The semiconductor substrate includes an irregular
portion on the crystal face, and the contact angle of pure
water having a specific resistance of 18 MQ-cm or more
on a surface of the irregular portion is 10° or less.
[0005] It should be noted that general or specific em-
bodiments may be implemented as a system, a method,
an integrated circuit, a computer program, a storage me-
dium, or any selective combination thereof.

[0006] Additional benefits and advantages of the dis-
closed embodiments will become apparent from the
specification and drawings. The benefits and/or advan-
tages may be individually obtained by the various em-
bodiments and features of the specification and draw-
ings, which need not all be provided in order to obtain
one or more of such benefits and/or advantages.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007]

Fig. 1 is a perspective view schematically illustrating
the unit cell of GaN;

Fig. 2 is a perspective view showing primitive trans-
lation vectors a1, a2, a3, and c of a wurtzite crystal
structure;

Fig. 3A is a schematic illustration showing a repre-
sentative crystal plane orientation of the hexagonal
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wurtzite structure;

Fig. 3B is a schematic illustration showing a repre-
sentative crystal plane orientation of the hexagonal
wurtzite structure;

Fig. 3C is a schematic illustration showing a repre-
sentative crystal plane orientation of the hexagonal
wurtzite structure;

Fig. 3D is a schematic illustration showing a repre-
sentative crystal plane orientation of the hexagonal
wurtzite structure;

Fig. 3E is a schematic illustration for showing a crys-
tal face inclined from 0.05° to 15° inclusive with re-
spect to the c-plane;

Fig. 4A is a schematic illustration of a cross section
of a device in embodiment 1;

Fig. 4B is an illustration showing how the device in
embodiment 1 collects water vapor in air;

Fig. 4C is a flowchart showing an example of a meth-
od for producing the device in embodiment 1;

Fig. 5A is a schematic illustration showing a cross
section of an untreated GaN-based semiconductor
in embodiment 1 (a gallium nitride-based semicon-
ductor having a crystal face inclined from 0.05° to
15° inclusive with respect to the c-plane);

Fig. 5B is a schematic illustration showing a cross
section after the crystal face of the GaN-based sem-
iconductor in embodiment 1 is subjected to organic
solvent cleaning;

Fig. 5C is a schematic illustration showing a cross
section after the crystal face of the GaN-based sem-
iconductor in embodiment 1 is irradiated with ultra-
violet light;

Fig. 5D is a schematic illustration showing a cross
section with colloidal particles placed on the crystal
face of the GaN-based semiconductor in embodi-
ment 1 (Fig. 5D corresponds to S3);

Fig. 5E is a schematic illustration showing a cross
section with anirregular portion formed on the crystal
face of the GaN-based semiconductor in embodi-
ment 1;

Fig. 5F is a schematic illustration showing a cross
section after the irregular portion of the GaN-based
semiconductor in embodiment 1 is subjected to or-
ganic solvent cleaning;

Fig. 5G is a schematic illustration showing a cross
section after the irregular portion of the GaN-based
semiconductor in embodiment 1 is irradiated with ul-
traviolet light (Fig. 5G corresponds to S6);

Fig. 6Ais a photograph showing the results of contact
angle measurement performed by preparing a GaN-
based semiconductor inembodiment 1 and dropping
water onto the GaN-based semiconductor;

Fig. 6B is a photograph showing the results of contact
angle measurement performed by preparing a GaN-
based semiconductor in embodiment 1, irradiating
the GaN-based semiconductor with ultraviolet light,
and then dropping water onto the GaN-based sem-
iconductor;
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Fig. 6C is a photograph showing the results of con-
tact angle measurement performed by preparing a
GaN-based semiconductor in embodiment 1, sub-
jecting the GaN-based semiconductor to organic sol-
vent cleaning and ultraviolet irradiation, and then
dropping water onto the GaN-based semiconductor;
Fig. 6D is a photograph showing the results of con-
tact angle measurement performed by preparing a
GaN-based semiconductor in embodiment 1, sub-
jecting its crystal face to organic solvent cleaning
and ultraviolet irradiation, exposing the resulting
crystal face to air for 16 hours, and then dropping
water onto the crystal face;

Fig. 6E is a photograph showing the results of contact
angle measurement performed by preparing a GaN-
based semiconductor in embodiment 1, subjecting
its crystal face to organic solvent cleaning and ultra-
violet irradiation, exposing the resulting crystal face
to air for 16 hours, subjecting the crystal face again
to ultraviolet irradiation, and then dropping water on-
to the crystal face;

Fig. 7 shows an optical microscope image (magnifi-
cation: 1000x) of SiO, nanoparticles having a diam-
eter of 100 nm and arranged on the crystal face of
a GaN-based semiconductor in embodiment 1;

Fig. 8A shows a scanning electron microscope im-
age (magnification: 5000x) of the SiO, nanoparticles
having a diameter of 100 nm and arranged on the
crystal face of the GaN-based semiconductor in em-
bodiment 1;

Fig. 8B is a magnified image of Fig. 8A (magnifica-
tion: 10000x);

Fig. 8C is a magnified image of Fig. 8A (magnifica-
tion: 50000x);

Fig. 8D is a magnified image of Fig. 8A (magnifica-
tion: 100000x);

Fig. 9A is a scanning electron microscope image
(magnification: 2000x, an image observed from di-
rectly above) of an irregular portion formed on the
crystal face of the GaN-based semiconductor in em-
bodiment 1;

Fig. 9B is an image obtained by observing Fig. 9A
at an oblique angle of 30°;

Fig. 10Ais a magnified image (magnification: 5000x,
an image observed from directly above) of Fig. 9A;
Fig. 10B is an image obtained by observing Fig. 10A
at an oblique angle of 30°;

Fig. 11A is a magnified image (magnification:
10000x, an image observed from directly above) of
Fig. 9A;

Fig. 11B is an image obtained by observing Fig. 11A
at an oblique angle of 30°;

Fig. 12A is a magnified image (magnification:
20000x, an image observed from directly above) of
Fig. 9A;

Fig. 12B is an image obtained by observing Fig. 12A
at an oblique angle of 30°;

Fig. 13Ais a photograph showing the results of eval-
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nese Unexamined Patent Application Publication No.

uation of the ability of the crystal face of an untreated
GaN-based semiconductor to collect water vapor in
air to obtain water droplets (Comparative Example);
Fig. 13B is a photograph showing the results of eval-
uation of the ability of the crystal face of a device in
embodiment 1 to collect water vapor in air to obtain
water droplets;

Fig. 14 is a schematic illustration of a testing appa-
ratus for taking images showing how water dropped
onto a specimen such as a GaN-based semiconduc-
tor slides down;

Fig. 15A is a photograph obtained by dropping 20
wL of water onto a GaN substrate modified in S2 and
observing the water from the side (Comparative Ex-
ample);

Fig. 15B is a photograph showing the observed be-
havior of the water sliding down when the GaN sub-
strate in Fig. 15A was inclined 45° (Comparative Ex-
ample);

Fig. 16A is a photograph obtained by dropping 10
wL of water onto the GaN substrate modified in S2
and observing the water from the side (Comparative
Example);

Fig. 16B is a photograph showing the water under
observation when the GaN substrate in Fig. 16Awas
inclined 90° (Comparative Example);

Fig. 17A is a photograph obtained by dropping 10
wL of water onto a GaN substrate having a modified
irregular surface and observing the water from the
side;

Fig. 17B is a photograph showing the observed be-
havior of the water sliding down when the GaN sub-
strate in Fig. 17A was inclined 3°;

Fig. 18A is a photograph obtained by dropping 3 pL
of water onto the GaN substrate having the modified
irregular surface and observing the water from the
side;

Fig. 18B is a photograph showing the observed be-
havior of the water sliding down when the GaN sub-
strate in Fig. 18A was inclined 4°;

Fig. 19A is a photograph obtained by dropping 1 pL
of water onto the GaN substrate having the modified
irregular surface and observing the water from the
side;

Fig. 19B is a photograph showing the observed be-
havior of the water sliding down when the GaN sub-
strate in Fig. 19A was inclined 36°;

Fig. 20 is a graph showing the relation between the
volume of water dropped onto a specimen such as
a GaN-based semiconductor and a sliding angle;
and

Fig. 21 is aflowchart showing an example of a device
production method in an additional embodiment.

DETAILED DESCRIPTION

The water collecting device described in Japa-
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2004-232998 requires a large-scale device in order to
take the water molecules collected by the absorbent to
the outside.

[0009] A device according to a first aspect of the
present disclosure can easily collect water vapor to ob-
tain water.

[0010] The device according to the first aspect of the
presentdisclosure can be used as, for example, a device
that uses water vapor in gas form as a water source,
collects the water vapor, and coverts it to water in liquid
form. To collect water vapor in air, the device according
to the first aspect of the present disclosure uses a gallium
nitride-containing semiconductor substrate thatis a GaN-
based semiconductor (gallium nitride-based semicon-
ductor).

[0011] The crystal structure of the GaN-based semi-
conductor will be described with reference to Figs. 1 to
3E.

[0012] Fig. 1 is an illustration schematically showing
the unit cell of GaN.

[0013] The GaN-based semiconductor has a wurtzite
crystal structure. In an AlxGaylnzN (0<x,y,z<1,x+y
+ z = 1) semiconductor crystal, part of Ga shown in Fig.
1 may be substituted by Al and/or In.

[0014] Fig. 2 is an illustration showing the primitive
translation vectors a1, a2, a3, and c of the wurtzite crystal
structure. Figs. 3Ato 3D are schematic illustrations show-
ing representative crystal plane orientations of the hex-
agonal wurtzite structure. Fig. 3A shows a c-plane, and
Fig. 3B shows an m-plane. Fig. 3C shows an a-plane,
and Fig. 3D shows an r-plane. Fig. 3E is a schematic
illustration for showing a crystal face inclined from 0.05°
to 15° inclusive with respect to the c-plane.

[0015] The primitive translation vector c extends in the
[0001] direction, and this direction is referred to as a "c-
axis." A plane perpendicular to the c-axis is referred to
as the "c-plane” or "(0001) plane." A plane terminated by
a group lll element such as Ga is referred to as a "+c-
plane" or "(0001) plane," and a plane terminated by a
group V element such as nitrogen is referred to as a "-c-
plane" or a "(000-1) plane." These planes are distin-
guished from each other.

[0016] The "m-plane" shown in Fig. 2 means the
(10-10) plane perpendicular to the [10-10] direction. The
m-plane is parallel to the c-axis and orthogonal to the c-
plane. The "a-plane" shown in Fig. 3C means the (11-20)
plane perpendicular to the [11-20] direction. The a-plane
is parallel to the c-axis and orthogonal to the c-plane.
The "r-plane" shown in Fig. 3D means the (10-12) plane
perpendicular to the [10-12] direction. Fig. 3D shows the
(-1012) plane which is an example of the r-plane.
[0017] The device according to the first aspect of the
present disclosure includes a semiconductor substrate
containing gallium nitride and having a crystal face in-
clined from 0.05° to 15° inclusive with respect to the c-
plane. The semiconductor substrate includes an irregular
portion on the crystal face, and the contact angle of pure
water having a specific resistance of 18 MQ-cm or more
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on the surface of the irregular portion is 10° or less. Fig.
3E shows an example in which the crystal face is inclined
about 4.6° with respect to the c-plane. The specific re-
sistance of pure water can be measured using a specific
resistance meter. In the device according to the first as-
pect of the present disclosure, the total organic carbon
(TOC) value of the pure water may be 5 ppb or less. The
TOC value of the pure water can be measured using, for
example, a total organic carbon meter.

[0018] Inthis device, the surface of the irregular portion
of the crystal face is hydrophilic, so that water vapor tends
to gather in the irregular portion. Therefore, by allowing
water vapor in air to adhere to the irregular portion, the
water vapor can be collected. Since the crystal face has
the irregular portion, the crystal face has an increased
surface area. This allows a large amount of water vapor
to be collected on the crystal face. The collected water
vapor forms water droplets on the crystal face. As de-
scribed above, water vapor can be easily collected to
thereby obtain water. The device according to the first
aspect of the present disclosure may be used for an ap-
plication in which hydrogen is generated from water.
[0019] Inthe device according to the first aspect of the
present disclosure, the mean width of roughness profile
elements (RSm) of the crystal face may be from 0.8 um
to 1,000 wm inclusive.

[0020] In this case, the crystal face of the gallium ni-
tride-based semiconductor has an increased surface ar-
ea, and a larger amount of water vapor can be collected.
[0021] Inthe device according to the first aspect of the
present disclosure, the crystal face may have an arith-
metic mean roughness (Ra) of from 10 nm to 800 nm
inclusive.

[0022] In this case, the crystal face of the gallium ni-
tride-based semiconductor has an increased surface ar-
ea, and a larger amount of water vapor can be collected.
[0023] Inthe device according to the first aspect of the
present disclosure, the surface of the irregular portion
may be superhydrophilic.

[0024] When the surface of the irregular portion is su-
perhydrophilic, a larger amount of water vapor can ad-
here to the irregular portion and be collected.

[0025] Inthe device according to the first aspect of the
present disclosure, the crystal face may be inclined 0.4°
with respect to the c-plane.

[0026] In this case, steps at edges of terraces formed
on the crystal face and composed of atoms contained in
GaN in the c-plane are chemically activated, and a more
stable structure (e.g., gallium oxide) is likely to be formed.
Therefore, the crystal face formed is likely to be super-
hydrophilic.

[0027] Inthe device according to the first aspect of the
present disclosure, the semiconductor substrate may be
a GaN substrate.

[0028] In this case, steps at edges of terraces formed
on the crystal face and composed of atoms contained in
GaN in the c-plane are chemically activated, and a more
stable structure (e.g., gallium oxide) is likely to be formed.
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Therefore, the crystal face formed is likely to be super-
hydrophilic.

[0029] Inthe device according to the first aspect of the
present disclosure, water vapor may be collected on the
crystal face and form water droplets.

[0030] In this case, this device can be used to convert
water vapor to water.

[0031] A device production method according to a sec-
ond aspect of the present disclosure includes: preparing
a semiconductor substrate containing gallium nitride and
having a crystal face inclined with respect to a c-plane;
forming an irregular portion on the crystal face by sub-
jecting at least part of the crystal face to dry etching; and
modifying a surface of the irregular portion.

[0032] With the above method, the irregular portion of
the crystal face of the gallium nitride-based semiconduc-
tor can be formed efficiently.

[0033] In the device production method according to
the second aspect of the present disclosure, the modify-
ing the surface of the irregular portion may include irra-
diating the at least part of the crystal face with ultraviolet
light with the at least part of the crystal face exposed to
a gas containing oxygen atoms or oxygen molecules, or
a liquid containing oxygen atoms or oxygen molecules.
[0034] In this case, the surface of the irregular portion
of the crystal face can be efficiently modified for the pur-
pose of collecting water vapor.

[0035] In the device production method according to
the second aspect of the present disclosure, the modify-
ing the surface of the irregular portion may furtherinclude,
before the irradiating the at least part of the crystal face
with the ultraviolet light, cleaning the at least part of the
crystal face with an organic solvent.

[0036] In this case, the surface of the irregular portion
of the crystal face can be modified uniformly.

[0037] The device production method according to the
second aspect of the present disclosure may further in-
clude, before the forming the irregular portion, modifying
the crystal face and placing a plurality of particles on the
modified crystal face.

[0038] In this case, the irregular portion can have a
random shape, and the conversion of water vapor to wa-
ter droplets can be facilitated.

[0039] In the device production method according to
the second aspect of the present disclosure, the modify-
ing the crystal face may include irradiating the crystal
face with ultraviolet light with the crystal face exposed to
a gas containing oxygen atoms or oxygen molecules, or
a liquid containing oxygen atoms or oxygen molecules.

[0040] In this case, the crystal face can be superhy-
drophilic.
[0041] In the device production method according to

the second aspect of the present disclosure, the modify-
ing the crystal face may further include, before the irra-
diating the crystal face with the ultraviolet light, cleaning
the crystal face with an organic solvent.

[0042] In this case, the crystal face can be uniformly
superhydrophilic.
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[0043] In the device production method according to
the second aspect of the present disclosure, the crystal
face may be inclined from 0.05° to 15° inclusive with re-
spect to the c-plane.

[0044] In this case, steps at edges of terraces formed
on the crystal face and composed of atoms contained in
GaN in the c-plane are chemically activated, and a more
stable structure (e.g., gallium oxide) is likely to be formed.
Therefore, the crystal face formed is likely to be super-
hydrophilic.

[0045] A water vapor collecting method according to
the present disclosure includes: preparing a semicon-
ductor substrate containing gallium nitride, having a crys-
tal face inclined with respect to a c-plane, and having an
irregular portion provided on the crystal face, the irregular
portion having a superhydrophilic surface; and exposing
the crystal face of the semiconductor substrate to air to
thereby collect water vapor in the air.

[0046] As described above, since the surface of the
irregular portion of the crystal face is superhydrophilic,
water vapor tends to gather in the irregular portion, and
the water vapor adhering to the irregular portion can be
collected. Since the crystal face has the irregular portion,
the crystal face has an increased surface area. There-
fore, a large amount of water vapor can be collected on
the crystal face.

[0047] Inaddition, water vaporcan be collected without
using an unnecessarily large amount of electric power or
unnecessarily heating the device as in the conventional
art. A device according to a third aspect of the present
disclosure includes a semiconductor substrate contain-
ing gallium nitride and having a crystal face inclined with
respect to a c-plane, wherein the semiconductor sub-
strate has anirregular portion on the crystal face, wherein
the contact angle of pure water having a specific resist-
ance of 18 MQ-cm or more on a surface of the irregular
portionis 10° or less, and wherein the surface has a char-
acteristic that, when a pure water droplet with a volume
of 10 pL is dropped onto the surface and then the surface
is inclined at least 15° with respect to a horizontal plane,
the water droplet slides down the surface. In the device
according to the third aspect of the present disclosure,
the pure water may have a total organic carbon (TOC)
value of 5 ppb or less. The present disclosure further
encompasses devices and methods described in the fol-
lowing items.

[Item 1] A surface-modified semiconductor produc-
tion method according to item 1 of the present dis-
closure includes:

preparing a semiconductor substrate containing
gallium nitride and having a crystal face inclined
from 0.05° to 15° inclusive with respect to a c-
plane; and

irradiating the crystal face with ultraviolet light
with the crystal face exposed to a gas containing
oxygen atoms or oxygen molecules or a liquid
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containing oxygen atoms or oxygen molecules
to thereby impart superhydrophilicity to the crys-
tal face.

[Item 2] The surface-modified semiconductor pro-
duction method according to item 1 of the present
disclosure may further include,

before the irradiating the crystal face with the ultra-
violet light, cleaning the semiconductor substrate
with an organic solvent.

[Item 3] In the surface-modified semiconductor pro-
duction method according to item 2 of the present
disclosure,

the organic solvent may contain at least one selected
from the group consisting of acetone, methanol, eth-
anol, and isopropyl alcohol.

[Item 4] In the surface-modified semiconductor pro-
duction method according to any of items 1 to 3 of
the present disclosure,

the crystal face may be inclined 0.4° with respect to
the c-plane.

[Item 5] In the surface-modified semiconductor pro-
duction method according to any of items 1 to 4 of
the present disclosure,

the semiconductor substrate may be a GaN sub-
strate.

[Item 6] In the surface-modified semiconductor pro-
duction method according to any of items 1 to 5 of
the present disclosure,

the ultraviolet light may be emitted from a mercury
lamp.

[Item 7] A surface-modified semiconductor accord-
ing to item 7 of the present disclosure includes:

a semiconductor substrate containing gallium
nitride and having a crystal face inclined from
0.05° to 15° inclusive with respect to a c-plane;
and

a surface-modified layer disposed on the crystal
face,

wherein the contact angle of pure water having
a specific resistance of 18 MQ-cm or more on a
surface of the surface-modified layer is 10° or
less.

[Item 8] In the surface-modified semiconductor ac-
cording to item 7 of the present disclosure,

the crystal face may be inclined 0.4° with respect to
the c-plane.

[Item 9] In the surface-modified semiconductor ac-
cording to item 7 or 8 of the present disclosure,

the semiconductor substrate may be a GaN sub-
strate.

[Item 10] A method according to item 10 of the
present disclosure includes:

preparing a surface-modified semiconductor in-
cluding a semiconductor substrate that contains
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gallium nitride and has a crystal face inclined
from 0.05° to 15° inclusive with respect to a c-
plane and a surface-modified layer disposed on
the crystal face, the contact angle of pure water
with a specific resistance of 18 MQ-cm or more
on a surface of the surface-modified layer being
10° or less,

immersing the surface-modified semiconductor
in a hydrophilic solution containing a plurality of
particles, and

withdrawing the surface-modified semiconduc-
torimmersed in the solution from the solution to
thereby dispose the plurality of particles on the
surface of the surface-modified layer.

[Item 11] In the method according to item 10 of the
present disclosure,

the plurality of particles may be hydrophilic.

[Item 12] In the method according to item 11 of the
present disclosure,

the plurality of particles may have surfaces subjected
to hydrophilic treatment.

[Item 13] In the method according to any of items 10
to 12 of the present disclosure,

the plurality of particles may contain at least one se-
lected from the group consisting of SiO,, TiO,, ZnO,
Au, Ag, polystyrene, benzoguanamine-melamine-
formaldehyde condensates, and polymethyl meth-
acrylate-based crosslinked products.

[Item 14] In the method according to any of items 10
to 13 of the present disclosure,

the solution may contain at least one selected from
the group consisting of water, methanol, ethanol,
phenol, ethylene glycol, and acetic acid.

[Item 15] A device according to item 15 of the present
disclosure includes

a semiconductor substrate containing gallium nitride
and having a crystal face inclined from 0.05° to 15°
inclusive with respect to a c-plane,

wherein the semiconductor substrate has an irregu-
lar portion on the crystal face,

wherein a mean width of roughness profile elements
(RSm) of the irregular portion is from 0.8 umto 1,000
wm inclusive, and

wherein apex portions of at least some of convex
sections of the irregular portion contain a material
different from a material of the rest of the irregular
portion.

[Item 16] In the device according to item 15 of the
present disclosure,

a surface of the irregular portion may have arandom
shape.

[Item 17] In the device according to item 15 or 16 of
the present disclosure,

the convex sections may be randomly disposed on
the crystal face.

[Item 18] In the device according to any of items 15
to 17 of the present disclosure,
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the number density of the convex sections in the ir-
regular portion may be from 1/um?2 to 120/um? in-
clusive.

[Item 19] In the device according to any of items 15
to 18 of the present disclosure,

the irregular portion may have an arithmetic mean
roughness (Ra) of from 10 nm to 800 nm inclusive.
[Item 20] In the device according to any of items 15
to 19 of the present disclosure,

the crystal face may be inclined 0.4° with respect to
the c-plane.

[Item 21] In the device according to any of items 15
to 20 of the present disclosure,

the semiconductor substrate may be a GaN sub-
strate.

[Item 22] In the device according to any of items 15
to 21 of the present disclosure,

the material different from the material of the rest of
the irregular portion may be at least one selected
from the group consisting of SiO,, TiO,, ZnO, Au,
Ag, polystyrene, benzoguanamine-melamine-for-
maldehyde condensates, and polymethyl methacr-
ylate-based crosslinked products.

[Item 23] A device production method according to
item 23 of the present disclosure includes:

preparing a semiconductor substrate containing
gallium nitride and having a crystal face inclined
from 0.05° to 15° inclusive with respect to a c-
plane;

modifying the crystal face;

placing a plurality of particles on the modified
crystal face; and

subjecting the crystal face on which the plurality
of particles are placed to dry etching to thereby
form, on at least part of the crystal face, an ir-
regular portion in which a mean width of rough-
ness profile elements (RSm) is from 0.8 pm to
1,000 pm inclusive.

[Item 24] In the device production method according
to item 23 of the present disclosure,

the placing the plurality of particles may include
immersing the modified crystal face in a solution con-
taining the plurality of particles, and

withdrawing the crystal face from the solution.
[Item 25] In the device production method according
to item 24 of the present disclosure,

the solution may be hydrophilic.

[Item 26] In the device production method according
to item 24 or 25 of the present disclosure,

the solution may contain at least one selected from
the group consisting of water, methanol, ethanol,
phenol, ethylene glycol, and acetic acid.

[Item 27] In the device production method according
to any of items 23 to 26 of the present disclosure,
the modifying the crystal face may include exposing
the crystal face to an atmosphere containing oxygen
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atoms to thereby oxidize the crystal face.

[Item 28] In the device production method according
to any of items 23 to 27 of the present disclosure,
surfaces of the plurality of particles may be hy-
drophilic.

[Item 29] In the device production method according
to any of items 23 to 28 of the present disclosure,
the plurality of particles may contain at least one se-
lected from the group consisting of SiO,, TiO,, ZnO,
Au, Ag, polystyrene, benzoguanamine-melamine-
formaldehyde condensates, and polymethyl meth-
acrylate-based crosslinked products.

(Embodiment 1)

[0048] Embodiments will next be described in detail
with appropriate reference to the drawings. However, un-
necessarily detailed description may be omitted. For ex-
ample, detailed description of well-known matters and
redundant description of substantially the same config-
urations may be omitted. This is to avoid unnecessary
redundancy in the following description and to facilitate
understanding by those skilled in the art.

[0049] The accompanying drawings and the following
description are provided to allow those skilled in the art
to fully understand the present disclosure. The accom-
panying drawings and the following description are not
intended to limit the subject matter defined in the claims.

[1.1. Structure of device]

[0050] Fig.4Ais aschematicillustration of a cross sec-
tion of a device 1 in embodiment 1.

[0051] The device 1 includes a GaN-based semicon-
ductor 11 having a crystal face 12 inclined with respect
to the c-plane.

[0052] The GaN-based semiconductor 11 is a nitride
semiconductor represented by AlxGaylnzN (0 <x,y, z<
1, x+y+z=1). For example, the GaN-based semicon-
ductor 11 may be a GaN substrate formed entirely of
GaN or may be a substrate prepared by forming a nitride
semiconductor on part or the whole of a principal surface
11aof an Al,O5substrate, a SiC substrate, a Sisubstrate,
etc. In the present embodiment, the GaN-based semi-
conductor 11 is a GaN substrate.

[0053] The GaN-based semiconductor 11 has, on the
principal surface 11a of the substrate, the crystal face 12
inclined 0.4° with respect to the c-plane. The inclination
angle of the crystal face 12 with respect to the c-plane
can be appropriately selected within the range of from
0.05° to 15° inclusive (see Fig. 3E).

[0054] Anirregular portion 15 is provided on the crystal
face 12 of the GaN-based semiconductor 11. Specifical-
ly, the crystal face 12 has an irregular region in which the
irregular portion 15 is formed. When the irregular portion
15 is provided on the crystal face 12, the surface area of
the crystal face 12 is larger than that when the crystal
face 12 is flat.
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[0055] A plurality of concave sections and a plurality
of convex sections in the irregular portion 15 have irreg-
ular shapes. The plurality of concave sections and the
plurality of convex sections are formed at random posi-
tions on the crystal face 12.

[0056] Forexample, the mean width of roughness pro-
file elements (RSm) of the crystal face 12 is from 0.8 pum
to 1,000 wm inclusive. The arithmetic mean roughness
of the roughness profile elements (Ra) of the crystal face
12 is from 10 nm to 800 nm inclusive. The mean width
RSm is the mean pitch of the concave and convex sec-
tions, and the arithmetic mean roughness Ra is the mean
of the heights (absolute values) of the concave and con-
vex sections. These are defined by Japanese Industrial
Standards (JIS) B 0601:2001. The mean width (RSm)
and arithmetic mean roughness (Ra) of the crystal face
12 are measurement values with a line parallel to the
principal surface 11a of the GaN substrate used as a
measurementreference line. The mean width (RSm) and
the arithmetic mean roughness (Ra) can be measured,
for example, using a laser microscope.

[0057] A surface 15a of the irregular portion 15 is hy-
drophilic. The boundary between hydrophilicity and hy-
drophobicity is a contact angle of 90°. When the contact
angle is less than 90°, the surface is hydrophilic. When
the contact angle is more than 90°, the surface is hydro-
phobic. The surface 15a of the irregular portion 15 may
be superhydrophilic. The superhydrophilicity means that,
in contact angle measurement using pure water, the con-
tact angle is 10° or less or is at the limit of measurement
(0%).

[0058] Apex portions of at least some of the plurality
of convex sections may be formed from a material differ-
ent from the material of the rest of the irregular portion
15. Specifically, the apex portions of the convex sections
may be formed of one or a combination of a plurality of
materials selected from the group consisting of SiO,,
TiO,, Zn0O, Au, Ag, polystyrene, benzoguanamine-mela-
mine-formaldehyde condensates, and polymethyl meth-
acrylate-based crosslinked products.

[0059] Fig.4Bisanillustration showing how the device
1 collects water vapor v in air.

[0060] Asdescribedabove, inthe device 1, the surface
15a of the irregular portion 15 of the crystal face 12 is
hydrophilic. When the device 1 is exposed to air, water
vapor v tends to gather in the irregular portion 15. There-
fore, the water vapor v adheres to the surface 15a of the
irregular portion 15 and is collected. Since the device 1
has the irregular portion 15 on the crystal face 12, the
crystalface 12 has anincreased surface area. This allows
the crystal face 12 to collect a large amount of water
vapor v, and the collected water vapor v forms water drop-
lets on the irregular portion 15, i.e., on the crystal face
12. In this manner, the device 1 can generate water.

[1.2. Method for producing device]

[0061] Fig. 4C is a flowchart showing an example of a
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method for producing the device 1.

[0062] The methodforproducingthedevice 1includes:
preparing a GaN-based semiconductor 11 (step SO0),
modifying the crystal face (steps S1 and S2), placing par-
ticles (step S3), forming the irregular portion (step S4),
and modifying the surface of the irregular portion (steps
S5 and S6). The step of modifying the crystal face in-
cludes organic solvent cleaning (step S1) and ultraviolet
irradiation (step S2). The step of modifying the surface
of the irregular portion includes organic solvent cleaning
(step S5) and ultraviolet irradiation (step S6).

[0063] Fig. 5A is a schematic illustration showing a
cross section of an untreated GaN-based semiconductor
11 (Fig. 5A corresponds to step S0). Fig. 5B is a sche-
matic illustration showing a cross section after the crystal
face 12 of the GaN-based semiconductor 11 is subjected
to organic solvent cleaning (Fig. 5B corresponds to step
S1). Fig. 5C is a schematic illustration showing a cross
section after the crystal face 12 of the GaN-based sem-
iconductor 11 is irradiated with ultraviolet light (Fig. 5C
corresponds to step S2). Fig. 5D is a schematic illustra-
tion showing a cross section with colloidal particles 71
placed on the crystal face 12 of the GaN-based semicon-
ductor 11 (Fig. 5D corresponds to step S3). Fig. 5E is a
schematic illustration showing a cross section with the
irregular portion 15 formed on the crystal face 12 of the
GaN-based semiconductor 11 (Fig. 5E corresponds to
step S4). Fig. 5F is a schematic illustration showing a
cross section after the irregular portion 15 of the GaN-
based semiconductor 11 is subjected to organic solvent
cleaning (Fig. 5F corresponds to step S5). Fig. 5G is a
schematic illustration showing a cross section after the
irregular portion 15 of the GaN-based semiconductor 11
is irradiated with ultraviolet light (Fig. 5G corresponds to
step S6).

[0064] First, the GaN-based semiconductor 11 is pre-
pared (step S0).

[0065] Specifically, the GaN-based semiconductor 11
prepared is a GaN substrate having a crystal face 12
inclined from 0.05° to 15° inclusive with respect to the c-
plane.

[0066] For example, in a crystal face 12 inclined 0.05°
with respect to the c-plane, one step is present at each
of opposite edges of a296.22 nm-wide terrace composed
of GaN atoms in the c-plane. In a crystal face 12 inclined
15° with respect to the c-plane, one step is present at
each of opposite ends of a 0.96 nm-wide terrace com-
posed of GaN atoms in the c-plane. These steps are
chemically active, so that a more stable structure, e.g.,
gallium oxide, is likely to be formed. In the GaN-based
semiconductor 11 having the above-described crystal
face 12, a terrace structure having a width of form 1 nm
to 300 nm inclusive is formed periodically, and this is
suitable for arranging the colloidal particles 71, which are
nanoparticle having a diameter of 10° m to 106 m de-
scribed later. Specifically, in the GaN-based semicon-
ductor 11 having the crystal face 12 inclined from 0.05°
to 15° inclusive with respect to the c-plane, the nanopar-
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ticles having a diameter of from 10- m to 10-6 m inclusive
can be regularly arranged. This allows periodic concave
and convex sections to be formed on the crystal face 12.
By subjecting the resulting crystal face 12 to modification
treatment, superhydrophilicity can be imparted to the
crystal face 12.

[0067] As shown in Fig. 5A, the GaN-based semicon-
ductor 11 prepared has, on its surface, a cleaned GaN-
based semiconductor layer 42. In Fig. 5A, the cleaned
GaN-based semiconductor layer 42 is illustrated so as
to be distinguishable from the GaN-based semiconductor
11 in bulk form. In practice, no clear interface is present
between the cleaned GaN-based semiconductor layer
42 and the GaN-based semiconductor 11.

[0068] The cleaned GaN-based semiconductor layer
42 is formed as a result of cleaning with an acid solution
such as hydrofluoric acid, phosphoric acid, or sulfuric ac-
id, cleaning with pure water, or cleaning with a combina-
tion of an acid solution and pure water. A terminal layer
43 is formed on the outermost surface of the cleaned
GaN-based semiconductor layer 42. The terminal layer
43 is formed of, for example, hydrocarbons, hydroxy
groups (-OH groups), hydrogen atoms (H), oxygen atoms
(O), etc. As described above, even when the surface of
the GaN-based semiconductor 11 is purified by cleaning,
impurities terminated with atoms or molecules other than
the atoms forming the GaN-based semiconductor 11 are
present on the surface of the GaN-based semiconductor
11 exposed to air, and Ga and N are not directly exposed
at the outermost surface.

[0069] Next, the GaN-based semiconductor 11 pre-
pared in step SO is subjected to organic solvent cleaning
(step S1).

[0070] The organic solvent cleaning allows excessive
organic substances adhering to the surface of the GaN-
based semiconductor 11 to be removed. As a result of
organic solvent cleaning, the terminal layer 43 formed on
the outermost surface is replaced with an organic sol-
vent-cleaned layer 51 as shown in Fig. 5B. In practice,
no clearinterface is present between the organic solvent-
cleaned layer 51 and the cleaned GaN-based semicon-
ductor layer 42.

[0071] Theorganic solvent used for the organic solvent
cleaning contains, for example, one or a combination of
a plurality of solvents selected from the group consisting
of acetone, methanol, ethanol, and isopropyl alcohol.
Cleaning with pure water may be performed after the
organic solvent cleaning. By performing the organic sol-
vent cleaning, organic substances can be effectively re-
moved by ultraviolet irradiation in the next step.

[0072] Next, the GaN-based semiconductor 11 sub-
jected to the organic solvent cleaning is irradiated with
ultraviolet light (step S2).

[0073] As a result of irradiation with ultraviolet light, a
surface-modified layer 61 is formed on the surface of the
GaN-based semiconductor 11 as shown in Fig. 5C. Spe-
cifically, as a result of irradiation with ultraviolet light, al-
most all the organic solvent-cleaned layer 51 is removed,
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and the cleaned GaN-based semiconductor layer 42 is
converted to the surface-modified layer 61. The surface-
modified layer 61 is a layer formed by removing, from a
surface region, -OH groups or an impurity layer contain-
ing at least -OH groups. The surface-modified layer 61
may be a layer formed by oxidizing the surface of the
GaN-based semiconductor 11. The surface of the sur-
face-modified layer 61 is the crystal face 12 inclined with
respect to the c-plane. The thickness of the surface-mod-
ified layer 61 is, for example, from 0.1 nm to 10 nm in-
clusive. However, no clear interface is present between
the surface-modified layer 61 and the GaN-based sem-
iconductor 11.

[0074] The ultraviolet irradiation is performed in an at-
mosphere containing at least oxygen atoms (e.g., in air)
or in a liquid containing at least oxygen atoms. For ex-
ample, the ultraviolet irradiation may be performed with
oxygen supplied to the crystal face 12 of the GaN-based
semiconductor 11 that is to be subjected to surface mod-
ification. The ultraviolet irradiation may be performed in
pure water or hydrogen peroxide or may be performed
with activated oxygen (e.g., ozone) and/or oxygen radi-
cals supplied to the crystalface 12. When oxygenradicals
are supplied to the crystal face 12, inductively coupled
oxygen gas discharge, for example, may be used to form
the oxygen radicals. To generate radicals emitting ultra-
violet light through oxygen gas discharge, argon or water
may be added to the oxygen gas.

[0075] When the energy of photons of the ultraviolet
light used for the irradiation is larger than the bandgap
of the crystal face of the nitride semiconductor that is to
be subjected to surface maodification, the crystal face can
be activated to facilitate reactions. A mercury lamp may
be used as the light source of the ultraviolet light. For
example, when the surface to be subjected to surface
modification is GaN, a wavelength of 364 nm or less may
be used, and ultraviolet light with a wavelength of 313
nm, 297 nm, 254 nm, or 185 nm, which is a mercury
emission line, may be used. When the surface to be sub-
jected to surface modification is InGaN, ultraviolet light
with a wavelength of 365 nm or 405 nm, which is a mer-
cury emission line, may be used. A blacklight with a wave-
length of 352 nm may be used as the light source of the
ultraviolet light. Specifically, the wavelength of the ultra-
violet light used in the ultraviolet irradiation step includes
one or a combination of a plurality of wavelengths select-
ed from the group consisting of 352 nm, 313 nm, 297 nm,
254 nm, and 185 nm.

[0076] In the present embodiment, the wavelength of
the ultraviolet light may be equal to or less than 362 nm,
which is the wavelength of ultraviolet light that can be
absorbed by GaN itself. The wavelength of the ultraviolet
light may be a short wavelength of 300 nm or less at
which hydroxy radicals having strong oxidative power are
generated. The wavelength of the ultraviolet light may be
in a wavelength range around 254 nm in order to decom-
pose ozone. Light with a very short wavelength of 185
nm may also be used.
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[0077] The preparation step SO of preparing the GaN-
based semiconductor 11, the organic cleaning step S1,
and the ultraviolet irradiation step S2 described above
are performed in this order, and a surface-modified sem-
iconductor with the crystal face 12 modified can thereby
be obtained.

[0078] The surface-modified layer 61 of the GaN-
based semiconductor 11 exhibits superhydrophilicity.
Specifically, in the measurement of a contact angle using
pure water, the contact angle is 10° or less or is at the
limit of measurement (0°). Since the hydrophilicity of the
surface-modified layer 61 is very high, a hydrophilic so-
lution, for example, can be uniformly applied to the sur-
face of the surface-modified layer 61.

[0079] Next, as shownin Fig. 5D, a plurality of colloidal
particles 71 are placed on the surface-modified layer 61
of the GaN-based semiconductor 11 (step S3). The col-
loidal particles 71 are particles of submicron size (10-9
m to 106 m). The plurality of colloidal particles 71 are
placed on the surface-modified layer 61 so as to be sub-
stantially close-packed.

[0080] To place the colloidal particles 71 on the sur-
face-modified layer 61, a self-ordering process of the col-
loidal solution using a dip coating method may be used.
In this step, for example, the type of the solvent of the
colloidal solution, the type of the solute of the colloidal
solution, the concentration of the colloidal solution, and
the withdrawal rate during dip coating may be controlled.
[0081] The solventused may be a polar solvent having
a high solubility parameter such as water, methanol, eth-
anol, phenol, ethylene glycol, or acetic acid. Specifically,
the solventmay contain one or a combination of a plurality
of solvents selected from the group consisting of water,
methanol, ethanol, phenol, ethylene glycol, and acetic
acid. These are hydrophilic and easily available, so that
high mass productivity is achieved. Pure water may be
used as the solvent.

[0082] The solute used may be a spherical hydrophilic
solute with a narrow particle size distribution such as
SiO,, TiO,, Zn0O, Au, Ag, polystyrene, a benzoguan-
amine-melamine-formaldehyde condensate, or a
polymethyl methacrylate-based crosslinked product.
Specifically, the solute in the present embodiment, i.e.,
the plurality of particles dispersed in the solvent, includes
one or a combination of a plurality of solutes selected
from the group consisting of SiO,, TiO,, ZnO, Au, Ag,
polystyrene, benzoguanamine-melamine-formaldehyde
condensates, and polymethyl methacrylate-based
crosslinked products. These particles are excellent in
productivity, so that high mass productivity is achieved.
[0083] The concentration of the colloidal solution s, for
example, 10 vol% or less. The withdrawal rate during dip
coating is, for example, 10 cm/h or less.

[0084] After the GaN-based semiconductor 11 having
the surface-modified layer 61 is immersed in the hy-
drophilic colloidal solution, the GaN-based semiconduc-
tor 11 is withdrawn from the colloidal solution. This allows
the colloidal particles 71 to be placed on the crystal face
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12 substantially uniformly.

[0085] Next, as shown in Fig. 5E, the irregular portion
15 is formed on the crystal face 12 on which the plurality
of colloidal particles 71 are placed (step S4).

[0086] The irregular portion 15 is formed by etching
the crystal face 12 of the GaN-based semiconductor 11
while the plurality of colloidal particles 71 placed on the
crystal face 12 are used as a mask. In this case, not only
the crystal face 12 of the GaN-based semiconductor 11
but also the plurality of colloidal particles 71 are etched,
and irregularities depending on the arrangement pattern
of the colloidal particles 71 are formed on the crystal face
12 of the GaN-based semiconductor 11.

[0087] The etching is dry etching using, for example,
a chlorine-based gas (such as Cl, or BCl3). The size and
shape of the convex sections in the irregular portion 15
can be controlled by adjusting the time of etching or the
conditions of etching.

[0088] The mean width of the roughness profile ele-
ments (RSm) of the crystal face 12 on which the irregular
portion 15 is formed is in the range of from 0.8 um to
1,000 um inclusive. The arithmetic mean roughness of
the roughness profile elements (Ra) of the crystal face
12 on which the irregular portion 15 is formed is in the
range of from 10 nm to 800 nm inclusive.

[0089] The irregular portion 15 includes a plurality of
concave sections or convex sections having random
shapes, and the plurality of concave sections or convex
sections are present at random positions on the crystal
face 12. This may be because the mask formed from the
plurality of colloidal particles 71 has a complicated shape
having many holes. Irregular portions 15 having various
shapes can be formed by controlling the shape, size,
material, and size distribution of the colloidal particles 71
and the etching conditions.

[0090] Some of the plurality of colloidal particles 71
placed on the crystal face 12 may not be fully etched and
remain on apex portions of the convex sections. In this
case, the apex portions of at least some of the plurality
of convex sections are formed of a material different from
the material of the rest of the irregular portion 15.
[0091] AsshowninFig. 5E, theirregular portion 15 has
a cleaned GaN-based semiconductor layer 42a on its
surface. The cleaned GaN-based semiconductor layer
42ais formed as a result of cleaning with an acid solution
such as hydrofluoric acid, phosphoric acid, or sulfuric ac-
id, cleaning with pure water, or cleaning with a combina-
tion of an acid solution and pure water. A terminal layer
43a is formed on the outermost surface of the cleaned
GaN-based semiconductor layer 42a. The terminal layer
43a is formed of, for example, hydrocarbons, hydroxy
groups (-OH groups), hydrogen atoms (H), oxygen atoms
(0), etc.

[0092] Next, the GaN-based semiconductor 11 on
which the irregular portion 15 is formed is subjected to
organic solvent cleaning (step S5).

[0093] The organic solvent cleaning allows excessive
organic substances adhering to the surface of the irreg-



19 EP 3 498 894 A1 20

ular portion 15 to be removed. As a result of organic sol-
vent cleaning, the terminal layer 43a formed on the out-
ermost surface is replaced with an organic solvent-
cleaned layer 51a, as shown in Fig. 5F.

[0094] Theorganic solvent used forthe organic solvent
cleaning includes, for example, one or a combination of
a plurality of solvents selected from the group consisting
of acetone, methanol, ethanol, and isopropyl alcohol. Af-
ter the organic solvent cleaning, cleaning with pure water
may be performed.

[0095] Next, the irregular portion 15 subjected to the
organic solvent cleaning is irradiated with ultraviolet light
(step S6).

[0096] As a result of ultraviolet irradiation, a surface-
modified layer 61a is formed on the surface 15a of the
irregular portion 15 as shown in Fig. 5G. Specifically, as
a result of ultraviolet irradiation, almost all the organic
solvent-cleaned layer 51a is removed, and the cleaned
GaN-based semiconductor layer 42a is converted to the
surface-modified layer 61a. The surface-modified layer
61a of the irregular portion 15 is a layer formed by re-
moving, from its surface region, -OH groups or an impu-
rity layer containing at least -OH groups. The surface-
modified layer 61a may be a layer formed by oxidizing
the surface of the GaN-based semiconductor 11.
[0097] The ultraviolet irradiation is performed in an at-
mosphere containing at least oxygen atoms (e.g., in air)
orin aliquid containing at least oxygen atoms. The wave-
length of the ultraviolet light used in the ultraviolet irradi-
ation step is one or a combination of a plurality of wave-
lengths selected form the group consisting of 352 nm,
313 nm, 297 nm, 254 nm, 185 nm, 365 nm, and 405 nm.
[0098] As described above, the preparation step S0 of
preparing the GaN-based semiconductor 11, the organic
solvent cleaning step S1, the ultraviolet irradiation step
S2, the particle placing step S3, theirregular portion form-
ing step S4, the organic solvent cleaning step S5, and
the ultraviolet irradiation step S6 are performed in this
order, and the device 1 is thereby produced. The surface
15a of the irregular portion 15 of the crystal face 12 of
the device 1 is superhydrophilic. By bringing the device
1 into contact with air, water vapor v in the air can be
collected.

[0099] The effects of surface modification treatmentin
the above-described crystal face modification steps (S1
and S2) and the above-described irregular portion sur-
face modification steps (S5 and S6) may be caused by
the following actions.

[0100] Ultraviolet light having a higher energy than the
bandgap energy of the GaN-based semiconductor 11 is
not fully transmitted through the GaN-based semicon-
ductor 11 and is absorbed thereby, and excitons are gen-
erated in the GaN-based semiconductor 11, so that re-
activity on the surface of the GaN-based semiconductor
11 is increased. The increased reactivity acts such that
impurities such as organic substances present on the
GaN surface inclined with respect to the GaN c-plane are
desorbed. In addition, during irradiation with the ultravi-
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olet light, oxygen contained in air is activated, and the
activated oxygen is supplied to the GaN-based semicon-
ductor 11.

[0101] Moreover, hydroxy radicals (OH radicals) gen-
erated by the ultraviolet light decompose the impurities
such as organic substances that have been rendered
easily removable from the GaN surface, and the amount
of the organic and OH components on the surface of the
GaN-based semiconductor 11 is thereby reduced.
[0102] The effects of the ultraviolet irradiation are as
follows. The -OH groups on the surface of the GaN-based
semiconductor 11 are converted to hydroxy radicals hav-
ing strong oxidative power. Oxygen contained in air is
activated, and the activated oxygen is supplied to the
GaN-based semiconductor 11. As a result of absorption
of the ultraviolet light, the reactivity on the surface of the
GaN-based semiconductor 11 is increased.

[0103] The effect of the organic solvent cleaning steps
performed before the ultraviolet irradiation steps may be
that excessive organic components present on the GaN
surface are removed. For example, if only ultraviolet ir-
radiation is performed without organic solvent cleaning,
the activated oxygen generated by the ultraviolet irradi-
ation is used to remove the excessive organic substanc-
es present on the GaN surface, and the oxidation of the
GaN surface may not be promoted sufficiently. However,
when organic solvent cleaning is performed before ultra-
violet irradiation, the excessive organic components are
removed in advance, so that the oxidation of the GaN
surface by the ultraviolet irradiation can be promoted.

(Embodiment 2)

[2. Surface-modified semiconductor and method for pro-
ducing the same]

[0104] A surface-modified semiconductor in embodi-
ment 2 is produced by performing, in the following order,
the preparation step SO, the organic solvent cleaning step
S1, and the ultraviolet irradiation step S2 shown in em-
bodiment 1.

[0105] The surface-modified semiconductor includes:
a GaN-based semiconductor 11 having a crystal face 12
inclined from 0.05° to 15° inclusive with respect to the c-
plane; and a surface-modified layer 61 formed on the
crystal face 12. The surface of the surface-modified layer
61 is superhydrophilic. Specifically, the crystal face 12
of the GaN-based semiconductor 11 is inclined 0.4° with
respect to the c-plane. Specifically, the GaN-based sem-
iconductor 11 is, for example, a GaN substrate.

[0106] A method for producing the surface-modified
semiconductor includes: preparing the GaN-based sem-
iconductor 11 having the crystal face 12 inclined from
0.05° to 15° inclusive with respect to the c-plane (step
S0); subjecting the GaN-based semiconductor 11 to or-
ganic solvent cleaning (step S1); and irradiating the crys-
tal face 12 with ultraviolet light with the crystal face 12
exposed to a gas containing oxygen atoms or oxygen
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molecules or a liquid containing oxygen atoms or oxygen
molecules (step S2).

[0107] Through steps SO to S2, the surface-modified
semiconductor including the surface-modified layer 61
formed on the crystal face 12 of the GaN-based semi-
conductor 11 can be obtained.

[0108] For example, step S1 of subjecting the GaN-
based semiconductor 11 to organic solvent cleaning may
be the step of performing organic solvent cleaning using
a solvent containing at least one selected from the group
consisting of acetone, methanol, ethanol, and isopropyl
alcohol. The light source of the ultraviolet light used in
the ultravioletirradiation step S2 may be a mercury lamp.
[0109] With the surface-modified semiconductor pro-
duction method in the present embodiment, the surface
state of the GaN-based semiconductor 11 having a large
area can be modified in a short time at low cost, and the
wettability of the GaN-based semiconductor 11 can be
easily controlled.

[0110] Forexample, wettability ofthe GaN-based sem-
iconductor 11 in a solution treatment step can be in-
creased. Therefore, when a resist for photolithography
is applied, the uniformity of the thickness of the resist can
be improved. Moreover, in the particle placing step, the
colloidal particles 71 can be uniformly arranged on the
surface of the surface-modified layer 61.

(Embodiment 3)
[3. Method for placing particles]

[0111] A method for placing particles in embodiment 3
includes the preparation step SO, the organic solvent
cleaning step S1, the ultraviolet irradiation step S2, and
the particle placing step S3 shown in embodiment 1.
[0112] Inthis method, a plurality of particles are placed
on the surface of a semiconductor. The method includes:
preparing a surface-modified semiconductor including a
GaN-based semiconductor 11 having a crystal face 12
inclined from 0.05° to 15° inclusive with respect to the c-
plane and a surface-modified layer 61 formed on the crys-
tal face 12, the surface of the surface-modified layer 61
being superhydrophilic; immersing the surface-modified
semiconductor in a hydrophilic solution containing a plu-
rality of particles; and withdrawing, from the solution, the
surface-modified semiconductor immersed in the solu-
tion.

[0113] The surface-modified semiconductor can be
produced through the preparation step SO, the organic
solvent cleaning step S1, and the ultraviolet irradiation
step S2 described above.

[0114] Specifically, the plurality of particles contained
in the solution are colloidal particles 71 and are hy-
drophilic. The surface of the plurality of particles con-
tained in the solution may be subjected to hydrophilic
treatment in advance. The plurality of particles contain
at least one selected from the group consisting of SiO,,
TiO,, Zn0O, Au, Ag, polystyrene, benzoguanamine-mela-
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mine-formaldehyde condensates, and polymethyl meth-
acrylate-based crosslinked products.

[0115] The solution contains at least one selected from
the group consisting of water, methanol, ethanol, phenol,
ethylene glycol, and acetic acid.

[0116] Through these steps, the plurality of colloidal
particles 71 can be uniformly placed on the surface of
the semiconductor.

(Embodiment 4)

[4. Gallium nitride-based semiconductor device and
method for producing the same]

[0117] A gallium nitride-based semiconductor device
in embodiment 4 can be produced by performing, in the
following order, the preparation step SO, the organic sol-
vent cleaning step S1, the ultraviolet irradiation step S2,
the particle placing step S3, the irregular portion forming
step S4, the organic solvent cleaning step S5, and the
ultraviolet irradiation step S6 shown in embodiment 1.
[0118] The GaN-based semiconductor device has an
irregular region in which irregularities are formed on at
least part of a crystal face 12 inclined from 0.05° to 15°
inclusive with respect to the c-plane. The mean width of
roughness profile elements (RSm) in the irregular region
is from 0.8 pm to 1,000 uwm inclusive. In apex portions
of atleast some of convex sections of the irregular region,
a material different from the material of the rest of the
irregular region is present. The irregular region is a region
of the crystal face 12 in which the irregular portion 15 is
formed.

[0119] The irregularities in the irregular region have
random shapes. The convex sections of the irregular re-
gion are formed at random positions on the crystal face
12. The number density of the convex sections of the
irregular region is in the range of from 1/um?2 to 120/pm?
inclusive. The arithmetic mean roughness (Ra) of the ir-
regular region is from 10 nm to 800 nm inclusive.
[0120] The crystal face 12 is inclined 0.4° with respect
to the c-plane. The GaN-based semiconductor 11 is a
GaN substrate. The material different from the material
of the rest of the irregular region is formed of at least one
selected from the group consisting of SiO,, TiO,, ZnO,
Au, Ag, polystyrene, benzoguanamine-melamine-for-
maldehyde condensates, and polymethyl methacrylate-
based crosslinked products.

[0121] This GaN-based semiconductor device is pro-
duced by performing the following steps (1) to (4) in the
following order.

(1) Preparing a GaN-based semiconductor 11 hav-
ing a crystal face 12 inclined from 0.05° to 15° inclu-
sive with respect to the c-plane.

(2) Modifying the crystal face 12.

(3) Placing a plurality of particles on the modified
crystal face 12.

(4) Dry-etching the crystal face 12 on which the plu-
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rality of particles are placed to thereby form irregu-
larities on at least part of the etched crystal face 12,
the mean width of roughness profile elements (RSm)
of the irregularities being from 0.8 pum to 1,000 pm
inclusive.

[0122] The step of placing the plurality of particles in-
cludes: immersing the modified crystal face 12 in a so-
lution containing the plurality of particles; and withdraw-
ing, from the solution, the crystal face 12 immersed in
the solution.

[0123] The solution is hydrophilic and is at least one
selected from the group consisting of water, methanol,
ethanol, phenol, ethylene glycol, and acetic acid.
[0124] The surfaces of the plurality of particles are hy-
drophilic. The plurality of particles are formed from at
least one selected from the group consisting of SiO,,
TiO,, Zn0O, Au, Ag, polystyrene, benzoguanamine-mela-
mine-formaldehyde condensates, and polymethyl meth-
acrylate-based crosslinked products.

[0125] The step of modifying the crystal face 12 in-
cludes exposing the unmodified crystal face 12 to an at-
mosphere containing oxygen atoms to thereby oxidize
the crystal face 12.

[0126] This GaN-based semiconductor device can be
used for, for example, building wall materials for temper-
ature control or fins of heat exchangers. When the GaN-
based semiconductor device is used for a heat exchang-
er, not only the efficiency of heat exchange is improved,
but also the dehumidification efficiency of an indoor unit
of an air conditioner and a dehumidifier can be improved.

[Example 1]

[0127] Example 1 will be described with reference to
Figs. 6A to 6E. In Example 1, the results of contact angle
measurement are shown. In the contact angle measure-
ment, 2 pL of water was dropped onto variously proc-
essed GaN-based semiconductors 11 each having a
crystal face 12 inclined with respect to the c-plane.
[0128] First, a plurality of GaN-based semiconductors
11 inclined 0.4° in the m-axis [10-10] direction with re-
spect to the c-plane (0001) were prepared. The results
of the contact angle measurement on a GaN-based sem-
iconductor 11 at this point are shown in Fig. 6A.

[0129] Next, one of the prepared GaN-based semicon-
ductors 11 was subjected to ultrasonic cleaning with ac-
etone for 3 minutes. Then the resulting GaN-based sem-
iconductor 11 was subjected to ultrasonic cleaning with
ethanol for 3 minutes. Then the resulting GaN-based
semiconductor 11 was cleaned with pure water for 5 min-
utes. Then the resulting GaN-based semiconductor 11
was dried using a N, gas blower. The GaN-based sem-
iconductor 11 subjected to organic solvent cleaning was
thereby produced.

[0130] Next, the GaN-based semiconductor 11 sub-
jected to the organic solvent cleaning was irradiated with
ultraviolet (UV) light for 15 minutes. The ultraviolet irra-
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diation was performed in air. The wavelength of the ul-
traviolet light was 254 nm, and the irradiation intensity
was 1,013 pW/cm?2 (912 mJ/cm?). The GaN-based sem-
iconductor 11 subjected to the surface modification step
was thereby produced. The results of the contact angle
measurement on the GaN-based semiconductor 11 sub-
jected to the surface modification treatment are shown
in Fig. 6C.

[0131] Separately, a GaN-based semiconductor 11
subjected only to the ultraviolet irradiation step without
the organic solvent cleaning step was prepared and sub-
jected to the contact angle measurement. Theresults are
shown in Fig. 6B.

[0132] As shown in Fig. 6A, the contact angle on the
untreated GaN-based semiconductor 11 (corresponding
to a semiconductor after step S0) was 28.7°. However,
as shown in Fig. 6C, after the surface modification treat-
ment (i.e., after step S2), the contact angle was changed
to 4.2°. This shows that, as a result of the organic solvent
cleaning step and the ultraviolet irradiation step, super-
hydrophilic is imparted to the GaN-based semiconductor
11.

[0133] As shown in Fig. 6B, even when only the ultra-
violet irradiation step was performed without the organic
solvent cleaning step, the contact angle was 22.1°. This
shows that, even when only the ultraviolet irradiation step
is performed, the contact angle is smaller than that on
the untreated GaN-based semiconductor.

[0134] The surface-modified layer formed through the
above steps was left to stand in an air atmosphere for 16
hours, and then 2 pL of pure water was dropped onto
the surface-modified layer to perform the contact angle
measurement. The results are shown in Fig. 6D. As
shown in Fig. 6D, the superhydrophilic surface-modified
layer was contaminated in air, and the contact angle was
29.7°. It was found that the hydrophilicity deteriorated.
[0135] The surface-modified layer with deteriorated
hydrophilicity was subjected to ultraviolet irradiation in
air. Specifically, ultraviolet light having a wavelength of
254 nm was used, and irradiation with the ultraviolet light
was performed at an irradiation intensity of 1,013 pW/cm?2
(912 mJ/cm?2) for 15 minutes. The results are shown in
Fig. 6E. As shown in Fig. 6E, the contact angle on the
surface-modified layer irradiated with the ultraviolet light
in air was 6.2°.

[0136] This shows that, even when the surface of the
GaN-based semiconductor 11 subjected to the surface
modification treatment is contaminated, the surface is
self-recovered by irradiation with ultraviolet light such as
sunlight in air. Therefore, the device in embodiment 1
can maintain its surface-modified state by, for example,
exposing the device to sunlight in air, and a reduction in
hydrophilicity can be prevented.

[Example 2]

[0137] Example 2 will be described using Figs. 7, 8A
to 8D, 9A, 9B, 10A, 10B, 11A, 11B, 12A, 12B, 13A, and
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13B. Example 2 relates to the state of a plurality of col-
loidal particles 71 placed on a surface-modified GaN-
based semiconductor 11 and to a nanometer-scale irreg-
ular structure formed from this state.

[0138] Fig. 7 shows an optical microscope image of
SiO, nanoparticles having a diameter of 100 nm and ar-
ranged on the crystal face 12 of the GaN-based semi-
conductor 11. Figs. 8A to 8D show scanning electron
microscope images of the SiO, nanoparticles having a
diameter of 100 nm and arranged on the crystal face 12
of the GaN-based semiconductor 11. Figs. 9A to 12B
show scanning electron microscope images of the irreg-
ular portion 15 formed on the crystal face 12 of the GaN-
based semiconductor 11.

[0139] First, a GaN-based semiconductor 11 inclined
0.4° in the m-axis [10-10] direction with respect to the c-
plane (0001) was prepared (step S0).

[0140] This GaN-based semiconductor 11 was sub-
jected to ultrasonic cleaning with acetone for 3 minutes.
Then the resulting GaN-based semiconductor 11 was
subjected to ultrasonic cleaning with ethanol for 3 min-
utes. Then the resulting GaN-based semiconductor 11
was cleaned with pure water for 5 minutes. Then the re-
sulting GaN-based semiconductor 11 was dried using a
N, gas blower. The GaN-based semiconductor 11 was
subjected to organic solvent cleaning in the manner de-
scribed above (step S1).

[0141] Next, the GaN-based semiconductor 11 sub-
jected to the organic solvent cleaning was irradiated with
ultraviolet light for 15 minutes (step S2). The wavelength
of the ultraviolet light was 254 nm. The GaN-based sem-
iconductor 11 having the crystal face 12 modified through
the organic solvent cleaning and the ultraviolet irradiation
was thereby produced.

[0142] Colloidal particles 71 were arranged on the sur-
face-modified GaN-based semiconductor 11 by applying
a self-ordering process of a colloidal solution using a dip
coating method (step S3) to thereby form a colloidal crys-
tal film of the SiO, nanoparticles having a diameter of
100 nm. Fine spherical silica particles (KE-W10) manu-
factured by NIPPON SHOKUBAI Co., Ltd. were used for
the colloidal solution, and a 1.0 wt% aqueous solution
was prepared. The dip coating rate was 5.6 pm/s.
[0143] The results of optical microscope observation
of the colloidal crystal film on the surface-modified GaN-
based semiconductor 11 are shown in Fig. 7. As can be
found from Fig. 7, although the fine structure of the par-
ticles with a diameter of 100 nm is not observed under
the optical microscope at a magnification of 1,000X, no
noticeable defects are observed. Although Fig. 7 shows
amonochromeimage, the originalimage is a colorimage.
It was found that, since a brown structural color was ob-
served, a good colloidal crystal film was formed.

[0144] Next, the results of scanning electron micro-
scope observation of the colloidal crystal film are shown
in Figs. 8A to 8D. As can be found from Figs. 8A to 8D,
the nanoparticles with a diameter of 100 nm were formed
into a large-area film with a monolayer thickness so as
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to form a close-packed structure.

[0145] Next, the GaN-based semiconductor 11 on
which the colloidal particles 71 were arranged was sub-
jected to dry etching using the SiO, nanoparticles as an
etching mask (step S4). An etching apparatus (RIE-
101iHS) manufactured by Samco Inc. was used for the
dry etching. The treatment was performed under the con-
ditions of an ICP power of 150 W, a bias power of 50 W,
a chlorine flow rate of 10 sccm, a pressure of 0.5 Pa, and
atreatment time of 1 minute. The ratio of the etching rate
of SiO, to the etching rate of GaN under the above con-
ditions was 1 : 8. When, for example, SiO, is etched 100
nm, GaN is etched 800 nm.

[0146] The results of scanning electron microscope
observation of the thus-formed nanometer-scale irregu-
lar portion 15 are shown in Figs. 9A to 12B.

[0147] Since the etching was performed using, as a
mask, the monolayer close-packed colloidal crystal of
the SiO, nanoparticles having a diameter of 100 nm, the
irregular portion 15 of the GaN-based semiconductor 11
was formed as rod-shaped bodies having a diameter of
100 nm and a shortest apex-to-apex distance of 100 nm.
The height of the observed rod-shaped bodies was 800
nm, and the shortest gap (valley size) between peaks
(convex sections) was 10 nm. The surface roughness of
the irregular portion 15 of the GaN-based semiconductor
11 was measured using a laser microscope and found
to be RSm = 62.652 pm.

[0148] The irregular portion 15 has a moth eye struc-
ture and is composed of a plurality of rod-shaped bodies
erected on the crystal face 12 as shown in Figs. 9A to
12B. The aspect ratio of each of the plurality of rod-
shaped bodies can be appropriately selected within the
range of from 2 to 10 inclusive. The aspect ratio of each
rod-shaped body may be from 7 to 9 inclusive.

[0149] Next, the GaN-based semiconductor 11 on
which the irregular portion 15 was formed was subjected
to ultrasonic cleaning with acetone for 3 minutes. Next,
the resulting GaN-based semiconductor 11 was subject-
ed to ultrasonic cleaning with ethanol for 3 minutes. Then
the resulting GaN-based semiconductor 11 was cleaned
with pure water for 5 minutes. Then the resulting GaN-
based semiconductor 11 was dried using a N, gas blow-
er. The GaN-based semiconductor 11 was subjected to
organic solvent cleaning in the manner described above
(step S5).

[0150] Next, the GaN-based semiconductor 11 sub-
jected to the organic solvent cleaning was irradiated with
ultraviolet light for 15 minutes (step S6). The wavelength
of the ultraviolet light was 254 nm. The device 1, i.e., the
GaN-based semiconductor device with the surface 15a
of the irregular portion 15 modified through the organic
solvent cleaning and the ultravioletirradiation, was there-
by produced.

[0151] For each of the device 1 formed through steps
S0 to S6 shown in Fig. 4C and including the irregular
portion 15 having a superhydrophilic surface and an un-
treated GaN-based semiconductor 11 in step SO, their
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ability to collect water vapor in air to thereby obtain water
droplets was evaluated.

[0152] Fig. 13Ais a photograph showing the results of
ability evaluation performed on the untreated GaN-based
semiconductor 11. Fig. 13B is a photograph showing the
results of ability evaluation performed on the crystal face
of the device 1 in embodiment 1.

[0153] Theevaluationtestwas performed inasubstan-
tially calm state. Specifically, the evaluation test was per-
formed in a constant temperature and humidity bath pro-
duced by modifying a desiccator. The environmentinside
the constant temperature and humidity bath was held at
27°C and 85%RH. The above two types of GaN-based
semiconductors 11 were placed on a sample stage
equipped with a Peltier module driven at a constant tem-
perature of 27° C, and only the sample stage equipped
with the Peltier module was cooled to 20° C. Then the
surfaces of the two types of GaN-based semiconductors
11 were observed under a microscope after a lapse of
one minute at which the temperature of the samples was
still decreasing.

[0154] A large number of water droplets with a diam-
eter of about 10 um were found over the entire principal
surface 11a of the GaN-based semiconductor 11 of the
device 1 shown in Fig. 13B. However, no water droplets
were found on the surface of the untreated GaN-based
semiconductor 11 shown in Fig. 13A, although they were
exposed to the same environment. As can be seen from
the aboveresults, the device 1 inthe presentembodiment
is excellent in ability to collect water vapor in air and in
ability to form the water vapor into large water droplets.

[Example 3]

[0155] Example 3 will be described with reference to
Figs. 14 to 20. In Example 3, a small volume of water
was dropped onto a specimen such as a GaN-based
semiconductor 11, and then the specimen was inclined
to check whether or not the water slid down. When water
can slide down even though the volume of the water drop-
let is small, the water trapped by the device 1 etc. can
be efficiently collected.

[0156] Fig. 14 is a schematic illustration of a testing
apparatus 100 for taking images showing how water
dropped onto the specimen 111 slides down.

[0157] The testing apparatus 100 includes a base 104
to which the specimen 111 such as the GaN-based sem-
iconductor 11 is fixed, a water supply unit 102 that drops
water onto the specimen 111, an angle adjuster 103 that
inclines the specimen 111, and a camera 101 that takes
images of water sliding down.

[0158] Thewatersupply unit 102 is aninjector that sup-
plies a prescribed volume of pure water. The water supply
unit 102 is disposed above the specimen 111 and fixed
to the base 104. The water supply unit 102 can be used
to supply, for example, a water droplet of 1 pL to 70 pL
tothe specimen 111. The angle adjuster 103 is connected
to the base 104 and rotates the base 104. The specimen
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111 rotates together with the base 104 and is inclined at
a prescribed angle with respect to the horizontal. As the
specimen 111 is rotated, the water droplet on the spec-
imen 111 slides down the specimen 111. The camera
101 takes images of the water droplet sliding down the
specimen 111. The camera 101 is fixed to the base 104
and is configured to rotate integrally with the base 104.
The inclination angle of the specimen 111 with respect
to the horizontal when the water droplet starts sliding
down is referred to as a sliding angle a.

[0159] The specimen 111 of the present Example was
a GaN substrate having a surface-modified irregular por-
tion (corresponding to the GaN substrate after step S6).
Specifically, the specimen 111 of the present Example
was a GaN-based semiconductor device having a supe-
rhydrophilic crystal face 12 inclined from 0.05° to 15° in-
clusive with respecttothe c-plane and having anirregular
portion 15 on the crystal face 12. A specimen 111 used
as a Comparative Example was a GaN substrate modi-
fied in step S2.

[0160] Referring first to Figs. 15A to 16B, the volume
of water on the GaN substrate modified in step S2 (the
Comparative Example) and the sliding angle a will be
described. Fig. 15A is a photograph taken when 20 pL
of water was dropped onto the GaN substrate modified
in step S2 and the water was observed from the side,
and Fig. 15B is a photograph showing the observed be-
havior of the water sliding down when the GaN substrate
in Fig. 15A was inclined 45°. Fig. 16A is a photograph
taken when 10 pL of water was dropped onto the GaN
substrate modified in step S2 and the water was observed
from the side, and Fig. 16B is a photograph showing the
water when the GaN substrate was inclined 90°.

[0161] AscanbeseenfromFigs.15A and 15B, to allow
20 pL of water to slide down, itis necessary thatthe GaN
substrate modified in step S2 be inclined 45°. As shown
in Figs. 16A and 16B, even when the GaN substrate was
inclined 90° in order to cause the water with a volume of
10 pL to slide down, the water did not slide down. As can
be seen from these figures, it is difficult to allow water
with a volume of 10 pL or less to slide down the GaN
substrate modified in step S2.

[0162] Referring next to Figs. 17A to 19B, the volume
of water on the GaN substrate having the surface-mod-
ified irregular portion (corresponding to the GaN sub-
strate after step S6) and the sliding angle o will be de-
scribed. Fig. 17A is a photograph taken when 10 pL of
water was dropped onto the GaN substrate having the
surface-modified irregular portion and the water was ob-
served from the side, and Fig. 17B is a photograph show-
ing the observed behavior of the water sliding down when
the GaN substrate in Fig. 17A was inclined 3°. Fig. 18A
is a photograph taken when 3 pL of water was dropped
onto the GaN substrate having the surface-modified ir-
regular portion and the water was observed from the side,
and Fig. 18B is a photograph showing the observed be-
havior of the water sliding down when the GaN substrate
in Fig. 18A was inclined 4°. Fig. 19A is a photograph
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taken when 1 pL of water was dropped onto the GaN
substrate having the surface-modified irregular portion
and the water was observed from the side, and Fig. 19B
is a photograph showing the observed behavior of the
water sliding down when the GaN substrate in Fig. 19A
was inclined 36°.

[0163] As can be seen from Figs. 17A and 17B, 10 pL
of water is allowed to slide down when the GaN substrate
with the surface-modified irregular portion is inclined 3°.
As can be seen from Figs. 18A and 18B, 3 pL of water
is allowed to slide down when the GaN substrate with
the surface-modified irregular portion is inclined 4°. As
can be seen from Figs. 19A and 19B, 1 plL of water is
allowed to slide down when the GaN substrate with the
surface-modified irregular portion is inclined 36°. Specif-
ically, the GaN substrate with the surface-modified irreg-
ular portion (corresponding to the GaN substrate after
step S6) allows water with a small volume of 10 pL or
less to slide down at a small sliding angle o of 4° or less
and also allows water with a very small volume of 1 pL
to slide down when the GaN substrate is inclined 36°.
[0164] The above-described observation of the rela-
tion between the volume of water and sliding down was
made on a plurality of specimens. Fig. 20 is a graph show-
ing the relation between the volume of water and the
sliding angle for each of the plurality of specimens 111.
[0165] The specimen 111 of the present Example was
the GaN substrate with the surface-modified irregular
portion (corresponding to the GaN substrate after step
S6), as in the above case. Specimens 111 used as Com-
parative Examples were the GaN substrate modified in
step S2, a GaN substrate with a non-surface-modified
irregular portion (corresponding to a GaN substrate after
step S4), a glass slide, and a GaN substrate with a hy-
drophobic coating. The contact angle on the GaN sub-
strate with the surface-modified irregular portion was
4.7°, and the contact angle on the GaN substrate modi-
fied in step S2 was 4.2°. The contact angle on the GaN
substrate with the non-surface-modified irregular portion
was 118°, and the contact angle on the glass slide was
33°. The contact angle on the GaN substrate with the
hydrophobic coating was 112°. In Fig. 20, the results for
the GaN substrate with the surface-modified irregular
portion are represented by diamonds, and the results for
the GaN substrate modified in step S2 are represented
by crosses. The results for the GaN substrate with the
non-surface-modified irregular portion are represented
by squares, and the results for the glass slide are repre-
sented by triangles. The results for the GaN substrate
with the hydrophobic coating are represented by open
circles.

[0166] As shown in Fig. 20, to allow 30 uL of water to
slide down the GaN substrate with the non-surface-mod-
ified irregular portion, it was necessary that the sliding
angle a be 40° or more. To allow 30 pL of water to slide
down the GaN substrate with the hydrophobic coating, it
was necessary that the sliding angle o be 70° or more.
To allow 20 plL of water to slide down the glass slide, it
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was necessary that the sliding angle o be 60° or more.
As described above, to allow 20 p.L of water to slide down
the GaN substrate modified in step S2, it was necessary
that the sliding angle o be 45° or more, and it was not
possible to allow 10 pL of water to slide down (see Fig.
16B). As can be seen from Figs. 20 and 15A to 16B, it
may be difficult to allow 10 pL or less of water to slide
down the specimens 111 of the Comparative Examples.
[0167] However, the GaN substrate with the surface-
modified irregular portion, which is the specimen 111 of
the present Example, has the following sliding down
properties. As shown in Fig. 20, in the GaN substrate
with the surface-modified irregular portion, 10 p.L of water
dropped onto the specimen 111 was allowed to slide
down at a sliding angle of 15° or more. 5 pL of water was
allowed to slide down at a sliding angle of 10° or more,
and 1 pL of water was allowed to slide down at a sliding
angle of 50° or more. In Fig. 20, two different data curves
are shown for the GaN substrate with the surface-mod-
ified irregular portion. The difference between these data
curves is caused by the difference in position of water
droplets dropped onto the specimen 111.

[0168] It is generally considered preferable that the
specimen 111 is hydrophobic or water repellent to sep-
arate water from the specimen 111. However, as shown
in Fig. 20, even with the hydrophobic specimen 111, itis
difficult to allow a small volume of water, i.e., 10 pL or
less of water, to slide down. It was found from the above
test that, when the crystal face 12 of the specimen 111
has an irregular surface and is at least hydrophilic, water
with a small volume of 10 uL or less is allowed to slide
down.

[0169] Specifically, the GaN-based semiconductor de-
vice of the present Example, i.e., the GaN substrate with
the surface-modified irregular portion, has the crystal
face 12 inclined with respect to the c-plane, and the crys-
tal face 12 is hydrophilic and is an irregular surface that
allows 10 pL of water dropped onto the crystal face 12
to slide down when the crystal face 12 is inclined 15° or
more with respect to the horizontal. When this GaN sem-
iconductor device is used as the device 1, even a small
volume of water is allowed to slide down by inclining the
device 1. Therefore, water trapped by the device 1 can
be efficiently collected.

[0170] The GaN-based semiconductor device is not
limited to the device 1 and can also be used for, for ex-
ample, building wall materials for temperature control or
fins of heat exchangers.

(Additional embodiments)

[0171] Embodiments 1, 2, 3, and 4 have been de-
scribed as examples of the techniques disclosed in the
present disclosure. However, the techniques of the
present disclosure are not limited these embodiments
and are applicable to embodiments in which modifica-
tions, changes, additions, omissions, etc. are made ap-
propriately. A new embodiment can be provided by com-
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bining components described in the above embodiments
1,2,3,and 4.

[0172] Additional embodiments will be exemplified be-
low.

[0173] Fig. 21 is a flowchart showing an example of a
device production method in an additional embodiment.
In this embodiment, steps S1 to S3 are replaced with a
photolithography step S11. In the photolithography step
S11, the crystal face 12 of a GaN-based semiconductor
11 is modified so as to be superhydrophilic, and a resist
mask is formed on the modified crystal face 12. The crys-
tal face 12 on which the resist mask is formed is dry-
etched to from an irregular portion 15 (step S4). Then
the resulting crystal face 12 is subjected to organic sol-
vent cleaning (step S5) and irradiated with ultraviolet light
(step S6), and a device 1 can thereby be produced.
[0174] In embodiment 1, the organic solvent cleaning
steps (steps S1 and S5) are provided before their respec-
tive ultraviolet irradiation steps (steps S2 and S6). How-
ever, these organic solvent cleaning steps are not es-
sential steps and may be omitted. For example, surface
modification is allowed to proceed by extending the ul-
traviolet irradiation time in step S2 or S6, increasing the
concentration of activated oxygen, using ultraviolet light
with a shorter wavelength, or increase the output power
of the ultraviolet light.

[0175] The organic solvent cleaning step S1, the ultra-
violet irradiation step S2, and the particle placing step S3
are not essential steps in the method for producing the
device 1. For example, when dry etching can be used to
selectively etch the crystal face 12 to form irregularities,
steps S1, S2, and step S3 can be omitted.

[0176] The embodiments have been described above
as examples of the techniques of the present disclosure.
The accompanying drawings and the detailed description
are provided for these embodiments.

[0177] Therefore, the components describedinthe ac-
companying drawings and the detailed description may
include not only components essential for solving prob-
lems but also components inessential for solving the
problems in order to illustrate the above techniques. Al-
though those inessential components are described in
the accompanying drawings and the detailed description,
the inessential components should not be recognized as
essential components because of their presence.
[0178] The above embodiments are intended to illus-
trate the techniques of the present disclosure, and vari-
ous modifications, replacements, additions, omissions,
etc. may be made within the scope of the claims or equiv-
alents thereof. Further arrangements of the invention are
as follows:

In a first arrangement, a device comprising a semi-
conductor substrate that contains gallium nitride and
has a crystal face inclined from 0.05° to 15° inclusive
with respect to a c-plane, wherein the semiconductor
substrate includes an irregular portion on the crystal
face, and a contact angle of pure water having a
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specificresistance of 18 MQ-cm or more on a surface
of the irregular portion is 10° or less.

In a second arrangement, the device according to
thefirst arrangement wherein a mean width of rough-
ness profile elements of the crystal face is from 0.8
pm to 1,000 wm inclusive.

In a third arrangement, the device according to em-
bodiment 1 wherein the crystal face has an arithmetic
mean roughness of from 10 nm to 800 nm inclusive.
In a fourth arrangement, the device according to any
one of arrangements 1 to 3, wherein the crystal face
is inclined 0.4° with respect to the c-plane.

In a fifth arrangement, the device according to any
one of arrangements 1 to 4, wherein the semicon-
ductor substrate is a GaN substrate.

In a sixth arrangement, a method for producing a
device, the method comprising preparing a semicon-
ductor substrate containing gallium nitride and hav-
ing a crystal face inclined with respect to a c-plane;
forming an irregular portion on the crystal face by
subjecting at least part of the crystal face to dry etch-
ing; and modifying a surface of the irregular portion.
In a seventh arrangement, the method for producing
a device according to arrangement 6, wherein the
modifying the surface of the irregular portion includes
irradiating the at least part of the crystal face with
ultraviolet light with the at least part of the crystal
face exposed to a gas containing oxygen atoms or
oxygen molecules, or a liquid containing oxygen at-
oms or oxygen molecules.

In an eighth arrangement, the method for producing
a device according to arrangement 7, wherein the
modifying the surface of the irregular portion further
includes, before the irradiating the at least part of the
crystal face with the ultraviolet light, cleaning the at
least part of the crystal face with an organic solvent.
In a ninth arrangement, the method for producing a
device according to any one of arrangements 6 to 8
further comprising, before the forming the irregular
portion modifying the crystal face; and placing par-
ticles on the modified crystal face.

In a tenth arrangement, the method for producing a
device according to arrangement 9 wherein the mod-
ifying the crystal face includes irradiating the crystal
face with ultraviolet light with the crystal face ex-
posed to a gas containing oxygen atoms or oxygen
molecules, or a liquid containing oxygen atoms or
oxygen molecules.

In an eleventh arrangement, the method for produc-
ing a device according to arrangement 10, wherein
the modifying the crystal face furtherincludes, before
the irradiating the crystal face with the ultraviolet
light, cleaning the crystal face with an organic sol-
vent.

In a twelfth arrangement, the method for producing
a device according to any one of arrangement 6 to
arrangement 11, wherein the crystal face is inclined
from 0.05° to 15° inclusive with respect to the c-
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plane.

In a thirteenth arrangement, a device comprising a
semiconductor substrate containing gallium nitride
and having a crystal face inclined with respect to a
c-plane, wherein the semiconductor substrate has
an irregular portion on the crystal face, a contact an-
gle of pure water having a specific resistance of 18
MQ-cm or more on a surface of the irregular portion
is 10° or less, and the surface has a characteristic
that, when a pure water droplet with a volume of 10
wL is dropped onto the surface and then the surface
is inclined at least 15° with respect to a horizontal
plane, the water droplet slides down the surface.

In a fourteenth arrangement, the device according
to arrangement 1, wherein the pure water has a total
organic carbon value of 5 ppb or less.

In a fifteenth arrangement, the device according to
arrangement 13, wherein the pure water has a total
organic carbon value of 5 ppb or less.

Claims

A device comprising:

a semiconductor substrate containing gallium
nitride and having a crystal face inclined from
0.05° to 15° inclusive with respect to a c-plane,
wherein

the semiconductor substrate has an irregular
portion on the crystal face,

a mean width of roughness profile elements of
the irregular portion is from 0.8 um to 1,000 pm
inclusive, and

apex portions of at least some of convex sec-
tions of the irregular portion contain a material
different from a material of the rest of the irreg-
ular portion.

The device according to claim 1, wherein a surface
of the irregular portion has a random shape.

The device according to claim 1 or 2, wherein the
convex sections are randomly disposed on the crys-
tal face.

The device according to any of claims 1 to 3, wherein
a number density of the convex sections in the irreg-
ular portion is from 1/pum?2 to 120/um? inclusive.

The device according to any of claims 1 to 4, wherein
the irregular portion has an arithmetic mean rough-
ness of from 10 nm to 800 nm inclusive.

The device according to any of claims 1 to 5, wherein
the crystal face is inclined 0.4° with respect to the c-
plane.
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The device according to any of claims 1 to 6, wherein
the semiconductor substrate is a GaN substrate.

The device according to any of claims 1to 7, wherein
the material different from the material of the rest of
the irregular portion is at least one selected from the
group consisting of SiO,, TiO,, ZnO, Au, Ag, poly-
styrene, benzoguanamine-melamine-formaldehyde
condensates, and polymethyl methacrylate-based
crosslinked products.

A method for producing a device, the method com-
prising:

preparing a semiconductor substrate containing
gallium nitride and having a crystal face inclined
from 0.05° to 15° inclusive with respect to a c-
plane;

modifying the crystal face;

placing a plurality of particles on the modified
crystal face; and

subjecting the crystal face on which the plurality
of particles are placed to dry etching to thereby
form, on at least part of the crystal face, an ir-
regular portion in which a mean width of rough-
ness profile elements is from 0.8 um to 1,000
pm inclusive.

The method according to claim 9, wherein

the placing the plurality of particles includes
immersing the modified crystal face in a solution con-
taining the plurality of particles, and

withdrawing the crystal face from the solution.

The method according to claim 10, wherein the so-
lution is hydrophilic.

The method according to claim 10 or 11, wherein the
solution contains at least one selected from the
group consisting of water, methanol, ethanol, phe-
nol, ethylene glycol, and acetic acid.

The method according to any of claims 9 to 12,
wherein the modifying the crystal face includes ex-
posing the crystal face to an atmosphere containing
oxygen atoms to thereby oxidize the crystal face.

The method according to any of claims 9 to 13,
wherein surfaces of the plurality of particles are hy-
drophilic.

The method according to any of claims 9 to 14,
wherein the plurality of particles contain at least one
selected from the group consisting of SiO,, TiO,,
ZnO, Au, Ag, polystyrene, benzoguanamine-mela-
mine-formaldehyde condensates, and polymethyl
methacrylate-based crosslinked products.
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